One of the directions of modern development in the field of material research is the inclusion of features, enabling them to detect external stimuli and change their own properties in order to adapt to changes in the environment. Such materials evoke a new design philosophy that combines the actions of sensors, executive mechanisms, and control functions in one structure, which are capable of changing their response, depending on changes detected in the environment.
INTRODUCTION
Expansive development of physics, chemistry, and material engineering has created a base of theoretical and practical knowledge allowing the formulation of concepts of new artificial materials. The use of microprocessor structures and dedicated execution algorithms allowed this base to be transformed into various methodologies of practical design and the manufacture of unknown materials with new properties. Contemporary requirements of the aerospace, defence, automotive, and other industries for increasingly advanced and innovative components have led to the development of new generation materials which have significantly better performance and capabilities than the existing structural and _______________ Institute of Precision Mechanics, 3 Duchnicka Street, 01-796 Warszawa, Poland functional materials. As a result, the microprocessor systems are being developed that are embedded in structural materials, are autonomous to a significant degree, and reach the set goals while remaining in interaction with their environments. The challenge is to develop controllers integrally embedded in the material which correctly read the state of the environment and accordingly adapt their control algorithms to the state of the whole structure and its operating environment. The answer to this requirement is controllers that can adapt to their operating conditions. The main task of such controllers is an adaptive system improvement during operation and the task is achieved by the learning capability of the controller.
PHYSICAL MATERIAL AS A CONTROLLED SYSTEM
In automatics, an object which is influenced during the control is called a controlled system. The material, on the other hand, is a medium of a specific form which can be processed in order to make various products. The materials include metals and their alloys, ceramics, polymers, composites, and others [1, 2, 5] . Such materials are used to build various subassemblies, machine parts, etc. which make up certain dynamic systems. For example, it can be a key component of a space or submarine autonomous device or of an aircraft influenced by many factors, including the environment. The goal of this project is to design such a material susceptible to the control signals which will simultaneously serve as a structural component of a new product. Hence, there is a need to develop materials which are susceptible to various values, can calculate and activate their own response and communication, generate characteristics at low power supply, while maintaining their capabilities uninterrupted in the whole material volume.
The control signals for such materials can be values from various departments of physics and chemistry. The control, on the other hand, involves an action on a given component in order to achieve a specific goal. Usually, the control is related to a piece of certain information which is included in the signal. The result of control is a change of object state (properties), in this case, of a material of which a component is made. Such an operation most often involves a change of energy or the transformation of matter. This means that the material changes its properties, i.e. the controlled system directs the changes of its state under the influence of information. The materials which can behave like that are called functional materials. This group includes materials which have particular native properties and their own functions, for example, ferroelectricity, piezoelectricity, magnetism, energy storage functions, and others. If programmed behaviours are implemented in such materials, they are popularly called smart materials, adaptive materials, or responsive materials ( Fig.  1 ). The terms "smart structure" and "smart materials" are often used and abused, as the materials are still far from the defined intelligence of complex systems [9] .
The materials designed on purpose have one or more properties which can be changed significantly in a controlled way by external stimuli. Such stimuli can include stresses, temperature, humidity, pH, electric, electromagnetic and magnetic fields, light, radiation, or chemical compounds in various forms. Smart materials are a basis of many applications, including sensors, controllers, and actuators, such as artificial muscles. A model of such an object is presented in Fig. 2 . Such a model can be described with object change variables, e.g., unit temperature, pressure, density, internal energy, and others. The boundary differentiates separate states. Only work or heat can cross the boundary. Hence, the variables that are capable of crossing the boundary can play the role of control variables that affect the dynamic behaviour of the whole system. Schodek, Harvard University 2015.
Taking into account the fact that internal-structural processes take place in many materials, one has to account for interrelated variables which are typical for multidimensional structures. A simplified diagram of such system with feedback is shown in Fig. 3 . The feedback loop can close outside or inside the material structure, and it can compensate or amplify the environment action on material properties [3] . In control systems, feedback can be defined as informative communication via which the control function receives information of the consequences of the object control, i.e. information on the new object state that has been achieved as a result of control actions. Thanks to the feedback, the complex systems can extend beyond the range specified by the designers. New smart materials with the feedback feature create a new quality in the system with the following characteristics: the ability to gather experience, and the ability to predict their future behaviour depending on the past behaviour. Smart materials should learn by themselves, interacting with the environment.
If the material structure is controllable and can receive information from the environment and change its properties in a reversible manner depending on the changes in the environment, some researchers include such material in the group of "smart" materials. 1 The concept of "smart" or "intelligent" structures, materials, systems, and structures has been known for many years. However, in the last decade, significant progress has been made in the development of structures that constantly and actively monitor and optimize themselves and their characteristics. The dominating trend is to imitate biological organisms, thanks to their adaptation capabilities.
A general model of a smart material is presented in Fig. 4 . The specific challenges related to the implementation of this concept can be divided into four areas. The first three were defined by B. Warneke, K. Pister and B. Liebowitz as detection, quantification, and communication systems. 2 The fourth problem, which becomes increasingly difficult at miniaturization, is the modules mobility. It involves their appropriate placement in the structures of such materials. An additional difficulty is the invisibility of these "modules" in the structure.
A new structure is formed, which is understood as a comprehensively defined and relatively stable order of internal relations between the material subsystems. Unlike the term "structure," the term "organization level" also includes a concept of the change of the existing structures and their order during the key development operations on a material since its creation [7] . In current technological conditions, the structure change can be random and not always appropriately directed, similarly to the material organization change. However, the literature often includes numerous description of various material systems which have reached an adequate organization level and have a specific structure, which acquire the ability to use information in order to keep (or increase) the organization level by managing and promoting stability (or decreasing) their entropy). 3 Figure 4 . General diagram of a complex smart material system. The development of a concept of smart material design and behaviour in the target operating environment requires an interdisciplinary approach. This includes a number of technologies in the area of material engineering, control techniques, information processing, sensorics, activation, and attenuation, and systems integration in a wide range of industrial applications. The analysis of dynamics of such systems becomes a complex, multilevel, and multidimensional issue. There are phenomena perceived both on the surface and in the structure of the material. Then, the structure can be analysed on macro-, meso-, and molecular levels. In addition, expertise in such fields as thermodynamics, vibration theory, structure dynamics, material science, control theory, computer modelling, etc. is very useful. Therefore, the works on the "intelligence" of material structures, that is the structures that can transmit information about their environment to their "intelligent" structure and/or a monitoring device, are revolutionizing many fields of science [4] . The intelligence can be present in the next generation responsive materials and can include a few categories which are also observed in the studies of biological and sociological systems.
Material properties used in the automatic control technologies
The design concept and construction of a final smart material requires a strong feedback in material structures that activates its required adaptive features. These works use the existing physical properties of solids and liquids that allow implementing the feedback. Table I includes the represented classes of materials whose properties have impact on the design of automatic control systems structurally located in the material. 
DESCRIPTION OF MATERIAL STATE AS A CONTROLLED SYSTEM
State is a term describing a set of stable values of variable parameters describing an object. The characteristic feature of the state is that the description of variable object properties is known. The state is stable until the object activation, and if an action is performed on the object, its stage can change. The successive change of object state is called a process. State variables are variables whose values evolve over time depending on the values they have at a given point in time, and also depend on external values of input variables. The values of output variables depend on the values of state variables. State equations are a representation of a mathematical model of a dynamic system, and especially of the automatic regulation system. This is a good method to know the system state. The situational awareness and the knowledge of a researcher will further progress when the relationships between the state variable and other important variables are known. Therefore, in the system description, i.e. in its mathematical model, the key role is played by the relationship ruling the behaviour of the state variable, which is the state equation. Such a description is sometimes called a description in the states space or state variable model.
Often, not all state variables are available and directly measurable; moreover, it is known that the state vector is not at the same time as the system response vector. The full description also requires an equation that links the input variable (action) with the output variable (response). In physical systems, such variables include physical values such as voltage, current, velocity, position, pressure, temperature, etc. The state variables describe the future system's response at a given present state, stimulating signals and equations describing the system dynamics [6] . Hence, the defining of variables and the correct state of the material as a controlled system is an effective tool for the development of new adaptive materials and their new applications.
NANOSTRUCTURES INTEGRATION TECHNOLOGIES ACCOUNTING FOR AUTOMATED MATERIAL BEHAVIOUR
The laws of information flow and the laws of physics apply to complex systems. They include a separation (measurement), storage, processing, and transmission of information to other systems. This means that complex systems have structures and programs which allow modelling of external (and internal) influences and interactions with models. The production of 10 nm nanostructures is a very complex technological task, with a practical and basic significance, because such structures are a bridge between two worlds of mechanics of classical mechanics and quantum mechanics [8] . The material science experts have developed many techniques for the production of nanostructures necessary to manufacture functional materials. The most promising potential of a precise action on the nature of phenomena and the creation of new materials of previously unknown properties are found in the CVD (Chemical Vapor Deposition) and the PVD (Physical Vapour Deposition), which involve, respectively, the chemical or physical deposition of thin layers from the gaseous phase. The classification of thin layer deposition methods is presented in Fig. 7 . The plasma synthesis of inorganic and organic nanomaterials in the form of thin layers, nanotextured surfaces, nanoparticles, and others has progressed significantly over the last decades. The unique plasma advantages in this field include the following:
 The specific chemical properties of unbalanced weight plasma where the precursors produced in the plasma are highly reactive radicals and ions; and,  Increased energy transfer to the nanomaterial surfaces, which can be achieved by reactions with plasma ions, electrons, and other emitted molecules and particles.
Contemporary plasma synthesis is a supplement to other production technologies of functional nanomaterials, both in solutions, reagent vapours, and in aerosol. It is worth noting that, for some materials, it is the preferred or the only feasible synthesis method.
Inorganic nanomaterials are particularly interesting due to their electron, excitation, and plasmonic properties. It is expected that they will find application in various areas of technology, inter alia in spintronic devices and energy conversion such as photovoltaics, thermoelectrics, and catalysis, as well as biotechnology and medicine.
Plasma synthesis of zero-dimensional (0D) nanomaterials, quantum dots, or nanocrystals has found a significant application due to the plasma capability of synthetizing materials that are hard to synthetise using other approaches. Among the one-dimensional (1D) nanomaterials, the main emphasis is put on carbon nanostructures, including one-and multiwall carbon nanotubes and carbon nanofibres [4] . There are many techniques for making nanolayer coatings, but it is the PVD technique that is most frequently used in industry. This technique allows a precise control of the production of defined structural and material properties in the nano-scotopic range. According to this method, first the material pair or mixture is created, and then it is deposited on a suitable substrate. This allows designing a material, and hence the functionality of atomic layers of a new material. The classification of smart materials is presented in Fig.8 . The sectors using the most recent and advanced materials and technologies include the manufacture of aircrafts, missiles, and space facilities, and also architectural elements. The main development source is a new class of materials that has appeared in the last dozen years. The class includes representatives of all basic material types: metals, ceramics, polymers, composites, and also liquids. The development of smart materials has taken place as a result of acquiring new knowledge. [1] An example of the structure than can be a component of a complex smart material is shown in Fig. 9 . The fully smart material system should include feedback systems which, at the present stage, are a separate programmable material structure. The materials of the future should contain the mutually internally integrated structures.
The Institute of Precision Mechanics also undertakes scientific research in this area, mainly on the development of hybrid technologies combining the layer production process and coat deposition with the use of low-pressure plasma, galvanic processes, painting, and varnishing techniques. In the area of plasma technologies, the works are being carried out to build new sources of plasma as the physical and chemical environment of the synthesis of smart material coating structures. An example of a cylindrical magnetron plasma source for deposition of metallic and ceramic coatings is presented in Fig. 10 . a b Figure 10 . Cylindrical magnetron; a-magnetron design, b-plasma toruses generated on the magnetron surface.
CONCLUSION
As in any research area, investments in the development of adaptive materials are burdened with a significant risk and uncertainty. Taking into account that many material innovations are based on discovering fundamental new structures, and interactions and properties at the laboratory scale, there is always a significant risk that such discoveries may not yield new products that can be manufactured at acceptable costs or meet other productivity requirements.
This risk may be reduced by developing new integrated computing tools and models that can help forecast the materials and market capacity.
The material innovation processes described in this technology evaluation require a continuous support for the capital equipment for experiments, measurements, and tests, and also for pilot facilities for production, because such costs can be a significant challenge for many companies and research institutes. In addition, as noted above, taking into account that material development often requires more than ten years of work, the current research may be hard to maintain for companies and research organizations, particularly the smaller ones. The most important future material developments will include an integration of "new" and "old" materials with a growing precision and refinement, even on the nanoscale, and the examples include the "smart' materials, functional coatings, solar energy powered materials, energy storage facilities, and others. As a result, a large portion of the future value for the economy will be based on the ability to operate competitively in the areas of design, material engineering, and production.
